With the goal of elucidating the background of photoinduced ferromagnetism phenomena observed in the perovskite structured (Pr,Ca) manganites, the low-temperature magnetostructure of the material Pr Ca MnO 0.9 0.1 3 was revised using cold neutron powder diffraction, SQUID magnetometry and ab initio calculations. Particular emphasis was placed on determining the presence of nanoscale magnetic phase separation. Previously published results of a canted A-AFM average ground state were reproduced to a good precision both experimentally and theoretically, and complemented by investigating the effects of an applied magnetic field of 2.7 T on the magnetostructure. Explicit evidence of nanoscale magnetic clusters in the material was obtained based on high-resolution neutron diffractograms. Along with several supporting arguments, we present this finding as a justification for extending the nanoscale magnetic phase separation model of manganites to the material under discussion despite its very low Ca doping level in the context of the model. In the light of the new data, we also conclude that the low temperature magnetic moment of Pr must be ca. 300% larger than previously thought in this material, close to the high spin value of µ 2 B per formula unit.
Introduction
The perovskite manganite family Pr 1−x Ca x MnO 3 (PCMO), i.e. the set of solid solutions between PrMnO 3 and CaMnO 3 , contains a variety of multifunctional semiconductor materials. Since the first description of the magnetic and nuclear structure of PCMO based on neutron diffraction (ND) by Jirák et al in 1985 [1] , the colossal resistivity switching and related electromagnetic phase separation behaviour of PCMO (which can be observed under the influence of many different external stimuli such as pressure, electric and magnetic fields and electromagnetic radiation [2] [3] [4] [5] [6] [7] [8] [9] ) has sparked numerous fascinating investigations. In particular, a very recent study [10] has shown the capacity of a magnetically biased PCMO thin film to perform as a light-activated electronic switch with an off/ on resistivity ratio higher than 10 7 thanks to the dynamically adjustable equilibrium between insulating antiferromagnetic (AFM) regions and metallic ferromagnetic (FM) clusters.
Previous ND studies of PCMO have explored the prominent Jahn-Teller distortion at x = 0.0 [11] , the exotic FM insulator state at x = 0.25 [12] , the electronic phase separation caused by the dominant double exchange (DE) interaction at ⩽ ⩽ x 0.2 0.33 [13] [14] [15] , photoinduced magnetism [8] and the first order metamagnetic transition [5] at x = 0.3, the effect of Sr doping at x = 0. 4 [16] and the complex relations between charge and spin ordering around x = 0.5 [17] [18] [19] [20] .
There have been some objections [21] to the validity of the DE-driven electromagnetic cluster phase separation framework in the case of PCMO [3, 8] , but nearly all published results are compatible with the phase separation scheme. The motivation for our present work was to explicitly clarify the situation for PCMO at the Ca doping level x = 0.1, which is outside the 'optimal' doping range for the colossal resistivity phenomena, but has still been recently associated with a related, DE-driven persistent photoinduced magnetization phenomenon [7] . Another incentive for our inquiry came from the observation that even though the published magnetization isotherms [22] and AC magnetic susceptibility data [23] are entirely compatible with a 'simple' canted antiferromagnet model [1, 24] at x = 0.1, one only has to go up to x = 0.2 to find strong signs of magnetic cluster glass behaviour [23] and to x = 0.3 to conclusively observe a metamagnetic insulatorto-metal transition (IMT) [3, 8, 22] with a critical magnetic field of order µ ≈ H 5 0 c T [22] . Both the cluster glass behaviour and the IMT are understood to originate from shifts in a dynamic AFM-FM phase equilibrium [3] .
We now report a revision of the published ground state magnetostructure of PCMO x = 0.1 [1, 24] based on a combination of data from cold neutron powder diffractometry, SQUID magnetometry and ab initio calculations. Thanks to the high resolution of our experiments, the possibility of performing ND in a relatively strong external magnetic field, and the development of powerful computational methods, we are able to suggest a refinement of the magnetic ground state, and reassess the roles of Pr spins and the electromagnetic phase separation in PCMO x = 0.1.
Materials and methods
A Pr 0.9 Ca 0.1 MnO 3 sample (PCMO x = 0.1) was produced by the following route, which we may generally recommend for PCMO. Powders of analysis grade Pr 6 O 11 , CaCO 3 and Mn 2 O 3 were dried overnight at 470 K. Stoichiometric amounts were weighed on an analytical balance and mixed by mortaring. The mixture was calcined in air at 1020 K for 60 h. This temperature is high enough to readily calcine CaCO 3 into CaO, but still low enough to avoid the spontaneous reduction of Mn 2 O 3 into Mn 3 O 4 , a common persistent impurity phase in manganites. Finally, the calcined oxide mixture was repeatedly mortared and sintered in air at 1600 K for 36 h at a time. Room temperature powder x-ray diffraction (XRD) was used to monitor the formation and purity of the PCMO phase. Two sintering burns were found sufficient for obtaining a pure, well crystallized sample. Using the XRD data and later ND results to determine the cation and oxygen stoichiometries, respectively, the chemical composition of the sample was found to be Powder ND experiments were performed on the DMC instrument at SINQ, Paul Scherrer Institute, Switzerland. The polycrystalline PCMO was pelletized and suspended in a ventilated Al sample holder by a Cd spacer wrapped in Al foil. This assembly was to prevent the reorientation of crystallites when an external magnetic field was applied. Diffractograms were collected at the temperatures T = 160 K, 125 K, 90 K, 55 K and 5 K using the wavelength λ ≈ 2.45 Å, and in high resolution at T = 160 K, 55 K and 5 K using λ ≈ 4.20 Å. A version of each diffractogram was first collected without an external magnetic field and then in a field of 2.7 T (upper hardware limit minus a 0.1 T safety margin), with the sample degaussed in the paramagnetic (PM) state at 160 K and field cooled whenever appropriate. The ND data were analyzed using Levenberg-Marquardt, Le Bail and finally Rietveld fits provided by the FullPROF program package [25] . The nuclear structural analysis was performed in the space group Pbnm. The propagation vector (0, 0, 0) was assumed for all magnetic structures, providing simplicity and sufficient accuracy. The absence of any preferred crystallite orientation, initial or magnetically induced, was confirmed by Rietveld fits to the T = 160 K, PM state datasets (the sample was put through all in-field measurements at 2.45 Å before the 4.20 Å, 160 K data were collected).
The temperature dependence of the magnetization of PCMO x = 0.1 was measured in magnetizing fields of µ = H 2.7 0 T (same as the ND experiment) and µ = H 4.8 0 T (hardware limit) using a Quantum Design MPMS XL SQUID open-circuit magnetometer. The powder sample was rolled into a ball of PTFE tape, fixing the demagnetizing factor at ≈ N 1/3. The validity of this N value for calculations was verified by measuring a demagnetizing curve in the soft ferromagetic state at T = 70 K.
Next to the experimental studies of the material an ab initio investigation of PrMnO 3 and Pr Ca MnO 0.9 0.1 3 was performed by means of the multiple-scattering KorringaKohn-Rostocker Green function method (KKR) [26] , which is based on density functional theory (DFT) [27, 28] . We used a scalar-relativistic approach [29, 30] as it is implemented within the computer program Hutsepot. The evaluation of the Green function in terms of spherical harmonics was expanded up to a maximal angular momentum of l = 3. As an approximation for the exchange-correlation functional we used the LibXC implementation [31] of PBE-Sol [32] , which is a generalized gradient approximation specialised for solids and surfaces. To properly simulate the Pr Ca MnO 0.9 0.1 3 compound and to include oxygen vacancies the coherent-potential approximation (CPA) [33] [34] [35] was applied. Correlation effects of localized Mn d-and Pr f-electrons were treated by using a DFT + U approach [36] with values U d eff = U d − J = 1 eV and
eV, respectively. The magnetic ordering observed during the experiments was cross-checked by calculating Heisenberg exchange parameters J ij within the framework of the magnetic force theorem [37] and by applying a Monte Carlo method. A typical Rietveld plot is given in figure 2 , showing the refinement of the dataset at λ = 2.45 Å, T = 55 K, µ = H 0.0 0 T. Thanks to the smaller λ, a greater range of PCMO x = 0.1 reflections are obtained-they are again indexed within the Pbnm unit cell. A single peak from the Al sample holder is also visible. As can be seen from the error curve, the noise level is very low, indicating excellent counting statistics, even overcounting. The majority of the residual error is due to imperfect peak shape modeling; χ = 26.18 2 for this Rietveld fit, whereas χ = 25.70 2 for the corresponding Le Bail fit. Therefore, the excess contribution [43] to χ 2 from the structural and magnetic models is only a rather acceptable 0.48. The peak shape modeling problem is fundamentally due to strongly nonlinear upturns of the background around magnetic peaks, a phenomenon arguably resulting from diffraction from The observed and calculated intensities are drawn on a square-root scale, which somewhat emphasizes features that have small absolute intensities. The error curve shows the direct visual difference between the two intensity plots. Table 1 . Parameters of the PCMO nuclear lattice in the PM state (T = 160 K).
Results
Note: The numbers in parentheses indicate the standard deviations of the least significant digits of the respective parameter values. Except for a, b and c, the changes to the parameters were negligible at lower temperatures.
a distribution of nanoscale and mesoscale domains (diameter d < 500 nm) [44] . This matter will be discussed in more depth in sections 3.2 and 4.
The PCMO x = 0.1 structural model obtained from the λ = 2.45 Å, T = 160 K PM state diffractogram is summarized in table 1. This model was used as a basis for all magnetic Rietveld models, only the cell parameters a, b and c were refined separately for each dataset using Le Bail fits. Due to the low neutron wavelength and the resulting limited peak-topeak resolution, the structural data of previous reports could not be improved upon [1, 22] .
Zero-field magnetostructure
The experimentally obtained average low-temperature magnetostructure of PCMO x = 0.1 is summarized in table 2 and visualized in figure 3 . The overall results are in good agreement with previous studies. A very wide PM-FM transition takes place in the temperature interval from T = 130 K to T = 80 K [22, 23] , below which a transition to an A-type AFM ground state takes place at ≈ T 70 K [1, 23, 24] . A very small G-AFM component along [0 0 1], probably due to a weak intrinsic Dzyaloshinskii-Moriya interaction [2] , is indicated by the presence of the peak group ( )( ) 1 0 0 0 1 0 at T = 5 K, but omitted in the construction of figure 3 and table 2. The total ordered Mn magnetic moment at 5 K in the absence of an external magnetic field was determined to be ± 3.41 0.08 µ B Mn −1 (Bohr magnetons per Mn ion). It is consistent with to the value of 3.35 µ B Mn −1 , which was reported by Jirák et al [1] . The calculated value of 3.61 µ B Mn −1 is slightly higher. The magnetocrystalline FM easy axis is [0 1 0] at and above T = 55 K and turns towards [1 1 0] at lower temperatures as reported [1] . However, our ND data indicate that the average angle of the Mn moments does not fall below °±°60 10 from the a axis even at = T K 5 . As reported before [1] , the Pr mangetic moments were found to be partially ordered already at 55 K and determined to be oriented along the FM component of the Mn moments. Technically, the Pr moments were fixed parallel to this direction in the final Rietveld refinement.
In contrast, the magnitude of the Pr moment was seen to considerably exceed the previously proposed value of ca. 0.50 µ B per ion, being closer to 1 µ B per ion at 55 K and 2 µ B per ion at 5 K (this point will be elaborated on in section 3.2), but could not be quantified accurately by ND data alone due to a texturing phenomenon of the magnetic diffraction intensity. To technically overcome this issue, all of the preferred orientation was attributed to an additional magnetic Pr phase in the Rietveld model, sacrificing the accuracy of the Pr FM moment, but retaining a realistic [1] best estimate of the Mn FM moment ( ± 2.95 0.09 µ B Mn −1 at T = 5 K) along with the total moment (table 2). The texturing effect, observed as an excess of magnetic intensity in the (1 1 2)(2 0 0) peak group compared with all other magnetic peaks, was attributed to the coercivity of PCMO [22] which allows coherent magnetization to preferably occur in crystallites which have their easy axis along the external magnetic field. The occurrence of this effect even in supposed zero-field conditions is a sign of the instrument magnet being incompletely degaussed; indeed no specific steps were taken to degauss the magnet. The mechanical reorientation of crystallites due to the applied magnetic field could be ruled out as stated in section 2.
As our ab initio results confirm, in the A-AFM state of PCMO x = 0.1 the Mn spins form FM (0 0 1) planes, which are AFM coupled, but can be pictured to counterrorate around the lattice vector c to give a net FM moment. The calculations give large values of Heisenberg exchange parameters in plane, ≈ J 8.4
Mn Mn 1 2 meV, confirming the ferromagnetic coupling (see figure 4) . A negative value of the Heisenberg exchange parameter ( ≈ − J 1.1 Mn1Mn3 meV) is observed for the coupling between manganese atoms along the cell diagonal. Due to the crystal symmetry, this coupling occurs 8 times and causes the antiferromagnetic structure. However, the system is very sensitive regarding structural perturbations or impurities, which might explain the proposed presence of purely ferromagnetic domains within PCMO x = 0.1 [7] . It must be kept in mind when looking at figure 3 that the ND-derived model only reflects the average magnetostructure, which might in reality be a combination of relatively undistorted FM and A-AFM clusters [3, 7] .
The calculated density of states (DOS) for Pr Ca MnO 0.9 0.1 3 is illustrated in figure 5 . By doping PrMnO 3 with calcium the Fermi energy is shifted towards the valence band and the model system becomes metallic, which does not agree with experimental data indicating semiconductivity [45] . A metallic behaviour of the material also leads to positive Heisenberg exchange parameters J ij and therefore to a ferromagnetic structure (dashed line). However, very small concentrations of impurities or oxygen vacancies are likely [46] . By using CPA and introducing 2% of oxygen vacancies the Fermi energy is shifted back towards the conduction band and a realistic semiconducting behaviour can be reproduced, along with the experimentally verified A-AFM structure. Although such a vacancy concentration is probably unrealistically high [46] , the results highlight the importance of considering structural defects when modeling manganites.
Response to magnetic field
As reflected by figure 3 and table 2 , the ND data collected in the external magnetic field of µ = H 2.7 0 T can be explained within the same canted A-AFM model framework, which was applied at µ = H 0.0 0 T. In particular, this average structure model gives a straightforward interpretation of the observation that applying the magnetic field effectively shifted some ND intensity from the predominantly AFMrelated peaks, like (0 0 1), to the FM ones, like (0 2 0). Figure 6 gives a quantitative account of this phenomenon in terms of relative peak intensity changes, The total magnetic moments of Mn and Pr remained constant within error limits when the field was applied, although subtle increases in the Mn and Pr moments appear to be indicated by the best-fit values. This would be a natural consequence of reducing the amount of domain walls where the magnetization is incoherent. The actual magnetization is known [22] to vary more versus the applied field than the sums of the moments in table 2, this is due to the reorientation of existing magnetic domains. Magnetostrictive cell volume increases of 0.14% and 0.11% were observed at 55 K and 5 K, respectively, when the field was engaged. The magnetostriction was somewhat anisotropic, being strongest along [0 0 1] (table 2) .
Compared with a previous report of the Pr magnetic moment, estimated at ± 0.50 0.03 µ B per Pr 3+ ion at T = 4.2 K [1], our ND results show a much larger contribution from Pr. To clarify the matter, we measured the temperature dependence of the magnetization of PCMO x = 0.1 using a SQUID magnetometer (figure 7). It is beyond doubt that the total magnetic moment exceeds the reported [1] value of 3.35 + 0.45 = 3.80 µ B per formula unit, and since the absolute maximum contribution from high-spin Mn 3+ is 3.8 µ B per formula unit, we propose to assume the full high-spin value of 2 µ B per Pr ion to explain the ND data and the SQUID-determined lowtemperature moment of ± 5.4 0.3 µ B per formula unit. Our ab initio studies support this claim, with calculated Mn moments of 3.61 µ B and, indeed, Pr moments of 2.00 µ B per ion.
Unfortunately the temperature dependence of the ordered Pr magnetic moment could not be addressed rigorously by experimental means. It was problematic to isolate the contribution of Pr to the magnetic ND intensity, in addition to which the ND measurements were only performed at very few different temperatures in order to afford better counting statistics for each diffractogram. Since the SQUID data (figure 7) also showed no clear signs of a separate Pr transition, we proceeded to investigate the matter computationally. The calculated Heisenberg exchange parameters showed that there is no exchange coupling between Pr atoms but a ferromagnetic coupling (about 1 meV) between Mn and Pr. This suggests that there is no ordering of Pr moments before the ordering of Mn moments occurs. By performing Monte Carlo simulations with an applied magnetic field, we found that the Pr moments order simultaneously with the Mn moments, which indeed explains the shape of the transition seen in figure 7 .
The shapes of the first three magnetic ND peaks at low θ 2 (figure 1), where the magnetic intensity resolution is at its best, were analyzed in detail by fitting individual pseudo-Voigt profiles to the λ = 4.20 Å data using the Levenberg-Marquardt least-squares algorithm [47] as provided by FullPROF [25] . Table 3 lists the extracted full-width-at-half-maximum parameters, W i , and Gaussianities, η i (η = 0 i for completely Gaussian and η = 1 i for completely Lorentzian profile functions). There was a surprisingly strong reduction in W i and a trend towards Gaussianity when the magnetic field was applied. Figure 8 shows an example fit over the reflections (1 1 0) and (0 0 2) at T = 55 K. In addition to increasing the overall FM ND intensity, the applied field significantly decreased the background level around the peak group. This was reflected by the decrease of the Lorentzian component in the obtained pseudo-Voigt profiles. The origin of the Lorentzian background will be modeled and discussed in section 4 in terms of nanoscale magnetic domains.
Comparing the PM-state data at T = 160 K against those recorded at 55 K and 5 K, below the Néel temperature, it is clear that there was excess diffraction line broadening due to the magnetic diffraction domains. With a rough knowledge of the instrumental linewidth of the DMC, we could employ Scherrer's equation [44] λ β θ = d k / cos to make order-ofmagnitude estimates of diffraction domain sizes. Here d is the average crystallite diameter, ≈ k 1 a shape constant, λ the wavelength of the incident (neutron) radiation, ( ) β θ = ∆ 2 the FWHM of the diffraction peak (in radians) minus the instrumental linewidth, and θ the Bragg diffraction angle. Based on the assumption of round diffraction domains (k = 0.9 [44] ) and the peak width values W i extracted from table 3, the average diffraction domain size grew from ≈ d 300 nm to ≈ d 1000 nm when the field was applied at T = 5 K.
Discussion
In short, the goal of our present study was to elucidate whether it is physically more sensible to model the ground state of PCMO x = 0.1 as a canted A-type antiferromagnet [1, 24] or as a dynamic mixture of pure FM and A-AFM phases [7, 23] . We presented a rather accurate reproduction of the previously published canted A-AFM model and successfully extended it to also explain the response of PCMO to an external magnetic field. Considering the elegance and descriptive power of this simple model, one should be rather conservative when considering alternative explanations for the experimental observations.
To distinguish a canted AFM structure from a FM-AFM phase separation by means of a Rietveld analysis is problematic since various interpretations of the data are conceivable. E.g. the spin structures in table 2 and figure 3 could indicate a superposition of pure A-AFM and FM phases, with approximately 60% of Mn ions ordered in a FM pattern at T = 5 K and no applied magnetic field. In fact, this kind of superposition is roughly how the numerical Rietveld model was constructed.
The observed positive volumetric magnetostriction values (0.14% at 55 K and 0.11% at 5 K) are considerably high. Nonetheless, such values have also been reported in the past for materials where 3d and 4f transition metals are mixed [48] . The magnetic anisotropy energy function becomes rather complicated when 4f orbitals are involved, so the source of this magnetostriction is not easily modeled. Superficially similar magnetostriction phenomena have been associated with changes in the phase FM-AFM equilibrium in PCMO [49] and related manganites [50] at alkaline earth dopant concentrations near x = 0.5 (the specific volume of the FM phase is larger due to disorder). However, at these concentrations, the presence of FM-AFM phase separation has been established by other means [6, 8, 10] , and extending the cluster phase separation description down to x = 0.1 for PCMO on the basis of magnetostriction is not a valid implication. Table 3 . The effect of the external magnetic field on the full-widthat-half-maximum, W, and the Gaussianity, η, of the AFM ND peak (0 0 1) and the FM ND peaks (1 1 0) and (0 0 2) (λ ≈ 4.20 Å data) at different temperatures. The strongest argument for the presence of a cluster phase separation situation in PCMO x = 0.1 is provided by the magnetic broadening observed in the high-resolution λ = 4.20 Å neutron diffractograms. Whereas the estimated magnetic diffraction domain growth from 300 nm to 1000 nm upon the application of the external magnetic field can be a natural consequence of the merging of domains, the prominent Lorentzian tails (figure 8) were unexpected. Like most neutron powder diffractometers, the DMC is known to have a practically Gaussian instrumental resolution function. Led by this clue, we performed additional Levenberg-Marquardt fits to individual ND peaks using a superposition of two Gaussian profiles per peak: one with a width close to those in T, on the other hand, all nanoscale domains had vanished and only domains of order 1000 nm remained. This was the conclusion both at T = 55 K and T = 5 K.
The actual distribution of magnetic domain sizes must naturally be broader than in our simplified two-component model, but it is clear that nanoscale domains are present in PCMO x = 0.1 near its ground state. It is noteworthy that we were not able to experimentally prepare the sample in a purely FM or AFM state, but only in a metastable mixture of both. In the context of manganites, the most probable explanation for the presence of such small domains is the the double-exchangedriven phase separation into FM and AFM clusters [3] . Our ab initio calculations also implicitly suggest a compatible instability of the A-AFM phase towards ferromagnetism, which could arguably be brought into manifestation by amplifying the double-exchange interaction using external stimuli [2] [3] [4] [5] [6] [7] [8] 10] . This provides an important piece of support for the model proposed to explain the photoinduced ferromagnetism in the material [7, 23] . That the phase separation description can be reasonably extended outside the 'optimal doping range' from x = 0.3 to x = 0.5 [3, 6, 8, 10] is an interesting and relatively novel observation as such, especially since no charge ordering (CO) is found to take place in PCMO x = 0.1 contrary to the other mentioned Ca concentrations.
The absence of long-range CO prevents PCMO x = 0.1 from undergoing a sudden metamagnetic AFM-FM insulator-to-metal transition like the one observed at ⩽ ⩽ x 0.3 0.5 [3, 10, 22, 49] . Indeed, the magnetic hysteresis loop of PCMO x = 0.1 is very regular at all temperatures below ≈ T 100 C K, with a soft ferromagnetic sigmoidal shape, modified only by a small linear component [22] . The linear component might be explained by the canting of magnetic Mn sublattices, but based on our present results, it is likely to originate at least partially from subtle shifts in the AFM-FM phase equilibrium. A comparison of the AC magnetic susceptibility data of PCMO at ⩽ ⩽ x 0.0 0.5 reveals that the relaxation time constant of the AFM-FM equilibrium system, assuming one is present, would actually be the lowest at x = 0.1, as seen by fits to the Vogel-Fulcher law [23, 51] . This is in agreement with our finding that each magnetic phase in PCMO x = 0.1 quickly forms internally well-ordered clusters which are large enough to diffract effectively, whereas the species of PCMO at larger x favour more frustrated spin glass phases [3, 23, 51] . The relaxation time is a sensitive function of the electronic carrier (hole) concentration in PCMO due to the dominance of the DE mechanism [23, 51] . Apart from the phase separation issue, our present study also revealed an ordered low-temperature Pr moment close to the full high-spin value of 2 µ B per ion, which, surprisingly enough, is roughly 300% higher than earlier reports [1] propose. The convergence of our ND, SQUID and ab initio results leaves little doubt about the matter, however. The most important implications of this result may be in the context of the strong low-temperature magnetocaloric effect proposed in PCMO x = 0.1 [52, 53] . The FM ordering of the Pr magnetic moment is undoubtedly what stretches the relevant magnetic transition across such a wide temperature range (from ca. 150 K almost down to liquid He temperature), bringing up the refrigerant capacity estimate to its highest value within the PCMO family [53].
Conclusions
The low-temperature magnetostructure of PCMO x = 0.1 was revised using cold neutron powder diffraction (wavelengths 4.20 Å and 2.45 Å), SQUID magnetometry and ab initio computations. Previously published results [1, 24] of an A-AFM average ground state were reproduced to a good precision both experimentally and theoretically, and complemented by verifying that the effects of an applied magnetic field of 2.7 T on the magnetostructure could be approximately modeled within the same framework. However, in contrast to this simple and elegant model, explicit evidence of nanoscale magnetic clusters was obtained in the low-temperature ground state of PCMO x = 0.1 based on high resolution diffractograms. This finding was interpreted as an argument in favor of the recently proposed FM-AFM phase separation model used to explain a photoinduced ferromagnetism phenomenon in the material [7, 23] . We may conclude that the phase separation model is more physical than the canted AFM model [1, 24] since the explanatory power of the former matches and exceeds that of the latter. This point was particularly illuminated in the contexts of magnetic Rietveld analysis, the relative stabilites of ab initio solutions, magnetostriction and magnetic domain size distributions.
Based on a convergence of ND, SQUID and ab initio results, we also conclude that the low temperature magnetic moment of Pr must be 300% larger than previously thought, close to the high spin value of µ 2 B per formula unit. This explains and supports the strong magnetocaloric entropy changes and high refrigerant capacities predicted in low-x PCMO below T = 150 K [52, 53]. 
